1. Introduction {#s0005}
===============

Glucocorticoids (GCs) are used to treat rheumatoid arthritis, organ transplantation, dermatitis, asthma, systemic lupus erythematosis, and lymphoid malignancies. However, GCs appear to cause atraumatic femoral head osteonecrosis (ONFH) ([@bb0010]; [@bb0030]). Up to 40% of patients on long term GC therapy develop ONFH ([@bb0030]; [@bb0155]; [@bb0095]). Though the risk of ONFH increases with higher doses and longer use ([@bb0160]; [@bb0165]; [@bb0125]; [@bb0130]; [@bb0245]), even short-term, low-dose GCs in steroid taper packs may induce ONFH ([@bb0055]). GCs reduce intraosseous circulation that eventually leads to ONFH and increased risk of femoral head collapse ([@bb0165]; [@bb0065]). In the US, the average age of diagnosis of GC-related ONFH is 35 years, with an annual incidence of 20,000--30,000, with 25--85% of those affected undergoing total hip arthroplasty (THA) within a few years of diagnosis, depending on the stage and extent of ON at diagnosis ([@bb0230]). In addition, GCs cause bone loss, reduce activation frequency of new bone remodeling units, and reduce osteoblast activity by lowering osteoblast lineage commitment to favor adipogenesis ([@bb0170]; [@bb0045]; [@bb0205]).

Currently, there are no approved medications that slow the progression of early stage ONFH. Subjects with early stage ONFH usually report hip pain, a normal hip radiograph, and a hip MRI that demonstrates ONHF. Core decompression, the removal of a portion of the necrotic bone in the femoral head, stimulates new bone and blood vessel formation in the necrotic area and temporarily reduces hip pain ([@bb0005]; [@bb0020]; [@bb0150]). However, though it may delay, it rarely completely prevents further femoral head collapse, and THA is usually required ([@bb0040]). Randomized clinical trials report that alendronate reduces hip pain and delays femoral head collapse in early stage ONFH ([@bb0090]; [@bb0035]). Pre-clinical proof of concept studies of early stage ONFH with anti-platelet agents, statins, and autologous implantation of bone marrow--derived mesenchymal stem cells (MSCs) alone or combined with core decompression or scaffolds found that these treatments prevent the development or worsening of GC-related ONFH. Addition of autologous MSCs to core decompression reduced femoral head deterioration compared to core decompression alone by 80% after five years ([@bb0190]; [@bb0120]; [@bb0185]; [@bb0240]). Evaluation of either scaffold or MSC-based therapies for ONFH found that the success of both required neovascularization to ensure sufficient perfusion of the necrotic area ([@bb0145]; [@bb0025]).

LLP2A-Ale is a bone targeted agent that guides endogenous or exogenous mesenchymal stromal cells (MSCs) to bone ([@bb0115]; [@bb0200]; [@bb0070]), as alendronate has high affinity for bone and the LLP2A portion has high affinity for the α4β1 receptor that is present on MSCs. Previous studies have shown that LLP2A-Ale prevented bone loss induced by estrogen deficiency ([@bb0215]) and accelerated fracture healing ([@bb0215]; [@bb0220]). Both LLP2A-Ale and PTH prevented GC-related bone loss in Swiss-Webster mice, associated with preservation of blood vessel density within the femur ([@bb0105]). Parathyroid hormone \[hPTH (1--34), teriparatide, TPTD) is a bone anabolic agent that is approved for treatment of severe osteoporosis ([@bb0110]). In patients with GC-induced osteoporosis (GIOP), TPTD (20 μg/d) increases bone mineral density (BMD) at the spine and hip and decreases risk of vertebral fracture more than alendronate ([@bb0135]; [@bb0140]). Human PTH (1--34) counteracts the adverse effects of GCs on osteoblast and osteocyte viability, bone formation, and bone strength ([@bb0175]; [@bb0210]). Human PTH (1--34) also improves the effects of core decompression in an ONFH animal model, partially through revascularization ([@bb0250]).

Since both LLP2A-Ale and hPTH (1--34) appear to improve bone vascularity in the presence of GCs ([@bb0105]) in Swiss-Webster mice, a strain with low susceptibility to GC-related ON ([@bb0195]), the aim of this study was to use a young adult mouse model of GC-related ON ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]) to evaluate the effects of LLP2A-Ale or PTH on: a) ON prevalence, b) vascularity, c) bone mass and microarchitecture, and d) bone strength.

2. Materials and methods {#s0010}
========================

2.1. Animals, experimental design, and procedures {#s0015}
-------------------------------------------------

Eight-week-old young adult male BALB/cJ mice (Jackson Laboratory; Sacramento, *CA.* USA), a strain with high susceptibility to GC-induced ON of the distal femoral epiphysis (DFE) ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]), were used. Other studies have determined males to be more susceptible to GC-induced ON than females ([@bb0175]; [@bb0075]). Body weight (BW) of each mouse was recorded weekly throughout the experiment. Mice were randomized into five groups based on initial BW: Control (fresh drinking water, *n* = 8); GC-only (dexamethasone (4 mg/L in drinking water; \[Sigma-Aldrich; St. Louis, MO\]; *n* = 18); GC + LLP2A-Ale (250 μg/kg intravenously in the tail vein, \[Days 1, 14, and 28\], *n* = 13); GC+ LLP2A-Ale (500 μg/kg IV, \[Days 1, 14, and 28\], *n* = 15); and GC + PTH (hPTH {1--34} (40 μg/kg subcutaneous injection, 5d/wk.; (Bachem Inc., Torrance, CA), *n* = 14). GC-only mice received no vehicle injections for either LLP2A-Ale or hPTH (1--34). LLP2A-Ale groups received no PTH vehicle injections and PTH groups received no LLP2A-Ale vehicle injections. Mice were housed singly in plastic cages, to avoid fighting-related wounds that heal poorly during GC treatment. The room had a 12:12-h dark:light cycle and a constant temperature range of 20--22 °C. Mice were fed commercial rodent chow (22/5 Rodent Diet 8640; Teklad; Madison, WI) with 0.95% calcium and 0.67% phosphorus *ad libitum.* All mice were euthanized by CO~2~ asphyxiation after 45 days. At necropsy, both femurs were removed for histologic assessment of ON. MicroCT scanning was performed on the right distal femoral metaphysis and fifth lumbar vertebrae (LV5). Bone histomorphometric measurements were performed on the right DFE. The left tibiae and LV5 were disarticulated, cleaned of adherent muscle, wrapped in saline-soaked gauze and stored at −20 °C until bone strength testing. Immunohistochemical studies to identify the vasculature were performed on the right DFE.

These studies were carried out with strict adherence to recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animals were treated according to the USDA animal care guidelines with the approval of the UC Davis Institutional Animal Care and Utilization Committee.

2.2. MicroCT (Right distal femoral metaphysis and LV5) {#s0020}
------------------------------------------------------

At necropsy, both femurs were fixed in 10% neutral-buffered formalin (NBF). After 48 h, the right femur was moved to 70% ethanol. The right distal femoral metaphysis (DFM) was then scanned with MicroCT (VivaCT 40, Scanco Medical AG, Bassersdorf, Switzerland) at 70 kev and 85 μA with an isotropic resolution of 10.5 μm in all three dimensions. Scanning was initiated distal to the level of the growth cartilage-metaphyseal junction and extended proximally for 250 slices. At the conclusion of scanning, the right femur was returned to 10% NBF. Scan evaluation was performed on a distal femoral metaphyseal trabecular bone volume of interest (VOI) that comprised 150 slices beginning 0.2 mm proximal to the most proximal point along the boundary of the growth cartilage with the metaphysis. LV5 was thawed, unwrapped, and scanned transversely in its entirety, then rewrapped and refrozen. LV5 scan evaluation was performed on a trabecular bone VOI in the body that excluded 25 slices at the cranial and caudal ends of the vertebral body. All trabecular bone in each marrow cavity was evaluated. For each slice, the VOI was defined as \~0.25 mm internal to the boundary of the marrow cavity with the cortex. The methods for calculating bone volume (BV), total volume (TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and structure model index (SMI) have been described ([@bb0015]).

2.3. Histologic analysis of osteonecrosis {#s0025}
-----------------------------------------

The distal 6 mm of each femur was then sawed free from the remainder of the femur with an Isomet bone saw (Buehler, Lake Bluff, Illinois), returned to 10% neutral buffered formalin, and then fully decalcified in 5% EDTA (pH 7.2). The specimens were then processed in ascending concentrations of ethanol and embedded in paraffin. Five μm thick parasagittal sections through the middle of each specimen were prepared, affixed to glass slides, stained with hematoxylin and eosin and evaluated for ON in the DFE as below.

Published criteria were used to define ON. They required one epiphyseal region containing 6--8 confluent, empty osteocyte lacunae in trabeculae surrounded by adipocytes and/or necrotic marrow stroma ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]) ([Fig. 1](#f0005){ref-type="fig"}). Presence or absence of ON in each DFE was assessed from a randomly-ordered slide set that contained one section from each femur of each mouse per slide, by two histopathologists working independently (DK, WY) who were blinded to treatment group. A single complete, intact, well-fixed and stained section of a DFE was required for successful ON assessment ([Fig. 1](#f0005){ref-type="fig"}). The possible diagnoses for each DFE were: a) ON-positive; b) ON-free; and c) insufficient readable tissue to assign status. Acceptable readability required finding adequate fixation of the adjacent marrow and stroma before osteocyte lacunae of nearby bone tissue in question could be classified as empty or occupied. After the independent reading, the histopathologists reviewed together all DFEs in which their ON status assignments differed, and reached mutual agreement on the status of each DFE. Based on the agreed status of each DFE, the ON diagnosis of each *mouse* was determined as follows: a) when neither DFE had sufficient tissue, the mouse was discarded; b) when one DFE was ON-positive, regardless of the status of the other DFE, the mouse was considered ON-positive; c) when both DFEs had sufficient readable tissue and both were assigned ON-free status, the mouse was considered ON-free; and d) when one DFE was ON-free and the other DFE had insufficient tissue, the mouse was discarded.Fig. 1Photomicrographs of Osteonecrosis-Free and Osteonecrosis-Positive Distal Femoral EpiphysesA&B- Representative 5 μm thick H&E-stained parasagittal section of an ON-free distal femoral epiphysis. B is higher magnification photomicrograph of box in A. Note abundant hematopoietic marrow with occasional adipocytes and trabeculae with most osteocyte lacunae showing healthy nuclei. Occasional, isolated empty lacunae exist randomly in normal bone due to the relative size of lacunae, 5 μm section thickness, and positioning of nuclei in neighboring sections. Scale bars = 1 mm (A) and 200 μm (B).C&D- Representative section from an ON-positive distal femoral epiphysis. D is higher magnification photomicrograph of box in C. A positive diagnosis of ON in a DFE required the presence of both fatty marrow or necrotic bone marrow stroma that surrounded trabeculae, and multiple confluent empty osteocyte lacunae ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]). Most ON-positive DFE\'s had only a portion, occasionally as little as 10%, of the epiphysis involved with ON. Nonetheless, note copious amount of fatty marrow in D, with trabeculae containing multiple confluent empty lacunae. Fields with fatty marrow or stromal necrosis surrounding trabeculae that contained only lacunae with healthy osteocyte nuclei were not uncommon. Only when fat or marrow necrosis-enveloped trabeculae also had multiple confluent empty osteocyte lacunae was the specimen designated as ON-positive. Multiple confluent empty osteocyte lacunae in trabeculae were never observed in the midst of healthy, hematopoietic marrow. Scale bars as for A&B = 1 mm (C) and 200 μm (D).Fig. 1

2.4. Static bone histomorphometry (Right DFE) {#s0030}
---------------------------------------------

Static bone histomorphometric measurements were performed using semi-automatic image analysis (Bioquant Image Analysis Corporation, Nashville, TN USA). The entire DFE trabecular bone region inside a boundary 25 μm inside its endocortical surface was evaluated. Data collected included total tissue area (Tt.Ar), trabecular bone area (B.Ar), and adipocyte tissue area (Ad.Ar). These data were used to calculate trabecular bone volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and adipocyte volume (AV/TV) ([@bb0225]; [@bb0050]).

2.5. Bone strength {#s0035}
------------------

Bone strength was measured in the central left tibia by three-point bending and in LVB5 by compression testing (858 MiniBionix; MTS, Eden Prairie, MN, USA). Prior to testing, all specimens were thawed to room temperature and unwrapped from the gauze. The tibia was placed on two lower supports with an inter-support distance of 10 mm, with the tibial midpoint midway between the supports and the anterior surface facing up. The load was applied from above to the anterior surface at the tibial midpoint. Each tibia was irrigated constantly with 37 °C HBSS throughout the test and loaded to failure at a rate of 0.1 mm/s while the load-displacement curve was recorded electronically using a calibrated 1 kN load cell. The values for maximum load and work to failure were determined from the load-displacement curve by manufacturer\'s software ([@bb0220]; [@bb0225]).

Bone strength of LVB5 was measured in compression. Transverse and posterior processes were removed with an Isomet bone saw (Buehler Co., Lake Bluff, IL USA). The cartilaginous endplates were removed with the Isomet, leaving parallel faces on the cranial and caudal ends. The specimen was placed with the parallel faces between two smooth, lubricated platens (5 mm diameter), and displacement was measured across the platens. The LVB5 test specimen was loaded at 0.05 mm/s in compression. The load-displacement curve was recorded electronically and the value for maximum load was determined as above.

2.6. Immunohistochemistry {#s0040}
-------------------------

Five micron thick paraffin sections of the right DFE were selected randomly from four mice of each group. Endothelial biomarkers were evaluated by labeling sections with antibodies to Endomucin (1:50, Abcam, ab106100, Cambridge, MA) ([Fig. 3](#f0015){ref-type="fig"}A) and CD31 (1:50, Abcam, ab28364, Cambridge, MA USA) ([Fig. 3](#f0015){ref-type="fig"}B). Secondary antibodies included Donkey Anti-Rabbit IgG H&L (1:500, Alexa Fluor® 647, ab150075, Cambridge, MA USA) and Donkey Anti-Rat IgG H&L (1:500, Alexa Fluor® 488, ab150153, Cambridge, MA USA). Sections were washed in PBS and incubated in 0.3% H~2~O~2~ for 5 min to quench endogenous peroxidase activity. Then the sections were washed in PBS and incubated with a blocking reagent (1% bovine serum albumin) for 60 min. The blocking reagent was removed, and the sections were incubated overnight in primary antibodies. The sections were washed with PBS and incubated with appropriate Alexa Fluor-coupled secondary antibodies for 2 h, protected from light. Sections were thoroughly washed with PBS and mounted using ProLong® Gold antifade reagent with DAPI (Molecular Probes, P36935, Eugene, OR USA). Immunohistochemically-labeled sections were evaluated by microscopy (Biorevo BZ-9000, Keyence, Osaka, Japan). The DFE was evaluated for labeling percent area using a BZ-II Analyzer (Keyence, Osaka, Japan). The percentage reflects the total area of positive cells (pixel intensity \> 100) in the DFE ([@bb0220]; [@bb0235]) ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}).Fig. 2Immunofluorescence Labeled Percent Area for CD31/PECAM1 and Endomucin in the Distal Femoral EpiphysisA) % of CD31+ Cells; Mean ± SEM; \*Compared to GC-only (*p* \< 0.05).B) % of Endomucin+ Cells; Mean ± SEM; \*Compared to GC-only (*p* \< 0.05).Fig. 2Fig. 3Immunofluorescence Labeling for CD31/PECAM1 and Endomucin of same Region in the Distal Femoral EpiphysisA) Representative photomicrograph of immunofluorescence labeling for CD31/PECAM1. Scale bar (100 μm) in lower right corner of [Fig. 3](#f0015){ref-type="fig"}C applies.B) Representative photomicrograph of immunofluorescence labeling for Endomucin. Scale bar (100 μm) in lower right corner of [Fig. 3](#f0015){ref-type="fig"}C applies.C) Representative photomicrograph of immunofluorescence labeling for merged CD31/PECAM1 and Endomucin. Scale bar (100 μm) in lower right corner.Fig. 3

2.7. Statistical analysis {#s0045}
-------------------------

The group means and standard deviations were calculated for all variables. Non-parametric Kruskal-Wallis ANOVA was first applied for continuous variables. If significance was detected, non-parametric Dunn\'s multiple comparison post-hoc tests were used to determine differences only with respect to the GC group. For dichotomous outcomes (presence/absence of ON), we used Fisher\'s Exact Text. Differences were considered significant at *p* \< 0.05.

3. Results {#s0050}
==========

3.1. Body weight and well-being ([Table 2](#t0010){ref-type="table"}) {#s0055}
---------------------------------------------------------------------

Initial body weight did not differ among the groups. However, at the end, Control mice weighed significantly more than all other groups. There was no significant difference among the GC-treated groups.Eleven mice (16%) died on study (Control (n = 1), GC-only (n = 3); GC+LLP2A-Ale 250 (n = 1), GC+LLP2A-Ale 500 (n = 2), and GC + PTH (n = 4)). This loss rate is consistent with previous experiments with this model ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]).

3.2. Osteonecrosis prevalence ([Table 1](#t0005){ref-type="table"}) {#s0060}
-------------------------------------------------------------------

Photomicrographs of ON-free and ON-positive distal femoral epiphyses are shown ([Fig. 1](#f0005){ref-type="fig"}). The prevalence of ON was 14% in the Control group and 36% in the GC-only group (*P* \< 0.05). ON prevalence did not differ among GC-only, GC + LLP2A-Ale, and GC + PTH groups.Table 1Osteonecrosis prevalence (%) by group.Table 1GroupON+ON-freeDiscardFinalON%Control1601/714GC-only5915/1436GC + LLPA-2502922/1118GC + LLPA-5004914/1331GC + PTH3713/1030

3.3. Static histomorphometry (Distal femoral epiphysis) ([Table 2](#t0010){ref-type="table"}) {#s0065}
---------------------------------------------------------------------------------------------

GC-only mice had lower bone volume, trabecular thickness, and trabecular number than Control mice. GC + LLP2A-Ale 250 mice had lower bone volume and GC + PTH mice had higher bone volume, than GC-only mice (*P* \< 0.05). Trabecular spacing was significantly lower in GC + PTH mice than in GC-only mice (P \< 0.05). GC-only mice had significantly higher adipocyte volume than control mice (P \< 0.05). LLP2A-Ale 250 mice had lower adipocyte volume than GC-only mice (P \< 0.05).Table 2Bone mass, microarchitecture, and strength of femur, lumbar vertebral body and tibia.Table 2GroupControlGC-onlyGC + LLP250GC + LLP500GC + PTHVariable (Mean ± SD)NNNNN  Body weightInitial (g)724.8 ± 1.91425.6 ± 2.21125.9 ± 1.21325.4 ± 1.21025.4 ± 0.9Final (g)728.9 ± 1.1[b](#tf0005){ref-type="table-fn"}1425.4 ± 1.71024.9 ± 1.51324.6 ± 1.51025.4 ± 1.6  Distal femoral epiphysis bone mass and microarchitectureBone volume70.371 ± 0.109[b](#tf0005){ref-type="table-fn"}150.241 ± 0.05970.196 ± 0.034[b](#tf0005){ref-type="table-fn"}80.286 ± 0.05880.304 ± 0.074[b](#tf0005){ref-type="table-fn"}Trabecular number (mm^−1^)76.74 ± 1.61[b](#tf0005){ref-type="table-fn"}159.92 ± 1.75710.37 ± 1.2189.44 ± 1.22810.05 ± 1.57Trabecular thickness (μm)7108.7 ± 39.7[b](#tf0005){ref-type="table-fn"}1558.1 ± 17.5749.0 ± 10.1864.3 ± 8.7864.2 ± 20.7Trabecular spacing (μm)747.2 ± 10.21546.3 ± 8.1748.7 ± 3.1843.1 ± 9.3838.0 ± 4.0[b](#tf0005){ref-type="table-fn"}Adipocyte volume70.36 ± 0.24[b](#tf0005){ref-type="table-fn"}142.17 ± 1.71121.16±089[b](#tf0005){ref-type="table-fn"}132.60 ± 3.9591.91 ± 2.01  Distal femoral metaphysis bone mass and microarchitectureBone volume70.205 ± 0.011150.189 ± 0.019110.209 ± 0.029[b](#tf0005){ref-type="table-fn"}130.213 ± 0.020[b](#tf0005){ref-type="table-fn"}100.251 ± 0.033[b](#tf0005){ref-type="table-fn"}Trabecular number (mm^−1^)74.42 ± 0.31154.54 ± 0.24114.72 ± 0.21134.63 ± 0.32104.87 ± 0.23[b](#tf0005){ref-type="table-fn"}Trabecular thickness (μm)746.94 ± 1.19[b](#tf0005){ref-type="table-fn"}1543.68 ± 1.891145.26 ± 2.52[b](#tf0005){ref-type="table-fn"}1345.95 ± 2.27[b](#tf0005){ref-type="table-fn"}1050.32 ± 3.19[b](#tf0005){ref-type="table-fn"}Trabecular spacing (μm)7231 ± 1815223 ± 1211214 ± 1013220 ± 1710209±11[b](#tf0005){ref-type="table-fn"}Structure-model index70.804 ± 0.160[b](#tf0005){ref-type="table-fn"}151.054 ± 0.218110.900 ± 0.332130.875 ± 0.192[b](#tf0005){ref-type="table-fn"}100.474 ± 0.303[b](#tf0005){ref-type="table-fn"}  LVB5 bone mass and microarchitectureBone volume70.205 ± 0.011150.189 ± 0.01990.212 ± 0.032[b](#tf0005){ref-type="table-fn"}130.213 ± 0.020[b](#tf0005){ref-type="table-fn"}90.245 ± 0.028[b](#tf0005){ref-type="table-fn"}Trabecular number (mm^−1^)74.91 ± 0.22154.85 ± 0.3395.20 ± 0.36[b](#tf0005){ref-type="table-fn"}135.23 ± 0.29[b](#tf0005){ref-type="table-fn"}95.29 ± 0.28[b](#tf0005){ref-type="table-fn"}Trabecular thickness (μm)741.6 ± 0.9[b](#tf0005){ref-type="table-fn"}1538.5 ± 2.3940.3 ± 3.71340.5 ± 2.4[b](#tf0005){ref-type="table-fn"}946.3 ± 3.3[b](#tf0005){ref-type="table-fn"}Trabecular spacing (μm)7162 ± 915169 ± 179153±17[b](#tf0005){ref-type="table-fn"}13151±12[b](#tf0005){ref-type="table-fn"}9143 ± 12^bc^  Bone strengthLVB Ultimate Load (N)652.9 ± 7.9[b](#tf0005){ref-type="table-fn"}1535.8 ± 9.9942.8 ± 10.21345.3 ± 10.0[b](#tf0005){ref-type="table-fn"}1044.0 ± 8.2[b](#tf0005){ref-type="table-fn"}CT ultimate load (N)716.64 ± 1.74[b](#tf0005){ref-type="table-fn"}1513.15 ± 1.001213.81 ± 1.441413.73 ± 1.441013.64 ± 1.40CT work to failure (N-mm)74.68 ± 1.67[b](#tf0005){ref-type="table-fn"}153.19 ± 0.96123.17 ± 0.96143.39 ± 1.07103.60 ± 1.06[^1][^2]

3.4. Bone mass and microarchitecture (MicroCT) {#s0070}
----------------------------------------------

### 3.4.1. Distal femoral metaphysis ([Table 2](#t0010){ref-type="table"}) {#s0075}

Bone volume in GC-only and control mice did not differ. However, trabecular thickness was significantly less and structure-model index was significantly greater in GC-only mice than in Control mice. Bone volume was significantly greater in GC + LLP2A-Ale 250, GC + LLP2A-Ale 500, and GC + PTH mice than in GC-only mice. Trabecular number was significantly greater in GC + PTH mice than in GC-only mice. However, trabecular thickness in GC + LLP2A-Ale 250, GC + LLP2A-Ale 500, and GC + PTH was greater and structure-model index was significantly less in GC + LLP2A-Ale 500 and GC + PTH mice, than in GC-only mice. Trabecular spacing was significantly less in GC + PTH mice than in GC-only mice.

### 3.4.2. Lumbar vertebral body 5 ([Table 2](#t0010){ref-type="table"}) {#s0080}

Bone volume and trabecular number in GC-only and control mice did not differ. However, trabecular thickness was significantly less in GC-only mice than in Control mice. Bone volume and trabecular number were significantly greater and trabecular spacing was significantly less in GC + LLP2A-Ale 250, GC + LLP2A-Ale 500, and GC + PTH mice than in GC-only mice. Trabecular thickness was also significantly greater in GC + LLP2A-Ale 500 and GC + PTH mice than in GC-only mice.

### 3.4.3. Bone strength ([Table 2](#t0010){ref-type="table"}) {#s0085}

Ultimate load in both the central tibia and LVB5 and work to failure of the central tibia were significantly lower in GC-only mice than in Control mice (*P* \< 0.05). Ultimate load of LVB5 was significantly higher in GC + LLP2A-Ale 500 and GC + PTH mice than in GC-only mice (P \< 0.05). However, ultimate load and work to failure of the central tibia did not differ from GC-only mice with any treatment.

### 3.4.4. Immunohistochemistry ([Fig. 2](#f0010){ref-type="fig"}) {#s0090}

The percentage area of CD31 and Endomucin labeling was lower in GC-only mice than in Control mice, and was greater in all treatment groups than in GC-only mice.

4. Discussion {#s0095}
=============

ON is an adverse event in patients treated with GCs ([@bb0160]). Based on our earlier report that GCs reduced vascular density in the mouse femur ([@bb0105]), this study evaluated if two bone active agents, LLP2A-Ale and hPTH (1--34), that preserve bone vascularity in the presence of GCs, reduce prevalent GC-induced ON of the distal femoral epiphysis (DFE). GC-only mice had a 36% prevalence of ON. Concurrent treatment of GC-treated mice with hPTH (1--34) and LLP2A-Ale did not change the rate of prevalent ON. The higher prevalence of ON in GC-only mice than in control mice was associated with reduced vascularity, lower trabecular bone mass, increased adipocyte volume within the bone marrow of the DFE and lower trabecular and cortical bone strength. While a quantitative assessment indicated that GC + LLP2A-Ale and GC + hPTH (1--34) groups maintained vascularity at control levels, prevalent ON after treatment with those agents was not different from GC-only treatment.

Our study confirmed that the DFE of the young adult male Balb/cJ mouse is susceptible to the development of ON ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]). Indeed, we observed one ON case in control mice, suggesting the possibility that GCs interact with a metabolic or structural characteristic of the DFE that raises the intrinsic risk of ON in Balb/cJ mice, to cause GC-related ON. Previous investigators screened fourteen strains of mice for the development of GC-induced ON ([@bb0195]), determining a 40% prevalence of DFE ON in male BALB/cJ mice treated with dexamethasone for 12 weeks. Our data confirmed a similar prevalence in GC-only mice after six weeks, providing multi-laboratory validation for this model.

Recently, the development of GC-induced ON in the femoral head of male C57BL/6 mice treated for 42 days with an implanted slow release prednisolone pellet was confirmed ([@bb0160]; [@bb0165]; [@bb0180]). At day 14, GC mice showed increased osteoclast number in the femoral head, and reduced VEGF, Hif-1α, osteoblast number, bone formation, and bone strength with no difference in bone density when compared to either baseline or concurrent control mice. However, at Day 28, lower bone mass and strength, deteriorated microarchitecture, and both histologic and MRI evidence of ON was present ([@bb0180]). Therefore, assessment of GC-related ON can be done in both Balb/cJ and C57BL/6 male mice, when appropriate sites are investigated.

Our histologic findings of GC-induced ON are consistent with other reports that the lesions have low trabecular bone volume, increased adipocyte numbers, and reduced blood vessel volume ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]). However, concurrent treatment with either LLP2A-Ale or hPTH (1--34), agents that preserved bone vascular density in the presence of GCs in both Swiss-Webster mice ([@bb0105]) and Balb/cJ mice, did not reduce prevalent ON in Balb/cJ mice. Treatment of rats with established GC-induced ON with either hPTH (1--34) or vehicle showed ON incidence of 17% in the hPTH (1--34) group and 75% in the vehicle group after four weeks ([@bb0060]). The investigators hypothesized that hPTH (1--34) prevented ON by increasing MSC activity and osteogenic differentiation, thus reversing the effects of GCs on the ON repair process ([@bb0060]). Both LLP2A-Ale and PTH prevented GC-related bone loss in Swiss-Webster mice, associated with preservation of blood vessel density within the femur ([@bb0105]). However, neither prevented ON in this Balb/cJ mouse model.

The lack of approved medications that slow the progression of early stage ONFH in humans tempers what can be formally learned from this and other pre-clinical ON medicinal treatment attempts. Without an approved medication for human ONFH to use as a standard, it is difficult to determine whether a pre-clinical ON treatment model consistently predicts human treatment outcomes. Though this mouse model of GC-related ON appears to recapitulate the development of ON in a reasonable fashion, it has seldom been used to test agents for their ability to prevent or treat ON ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]). Since this experiment was done in prevention mode, it seems likely that two different phases of ON, initiation and progression, were addressed. Though these drugs appear to have affected neither phase, one might speculate that these agents that increased bone vascularity would be more likely to act in the progression phase by interfering with vascular collapse. Nonetheless, despite the outcome, the nascent nature of pre-clinical models of ON should cause one to hesitate at this time to conclude that agents that promote vascularity cannot influence ON.

This study has several strengths including the use of an established mouse model with a clear definition of ON ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]) and quantitative assessments of vascularity, bone mass, microarchitecture, and strength. However, there were also some shortcomings. Our results are based on prevalence of early stage ON in which only histologic criteria are applied. This is quite different from human ON in which pain, clinical history, and abnormal radiographs and/or MRI scans are among the usual diagnostic criteria. Furthermore, it is not known if these mouse ON lesions will progress to late stage ON with the subchondral bone collapse and arthritis seen in humans. We used only male mice that may prevent generalization to females. We evaluated both DFEs for ON. Previous work suggests that proximal tibial epiphyseal ON can occur independently of that in the DFE, something that could increase ON prevalence in whole animals ([@bb0085]; [@bb0080]; [@bb0100]; [@bb0195]). In humans, the site with the highest prevalence of and greatest morbidity from ON is the femoral head. DFE osteonecrosis in the BALB/cJ mouse, that may depend on specific microanatomy or the quadruped nature of the mouse, is only a surrogate for human ONFH. The doses of LLP2A-Ale and PTH (1--34) were chosen from other pre-clinical studies that evaluated GC-induced bone loss and fracture healing ([@bb0070]; [@bb0215]; [@bb0105]; [@bb0220]). The optimal dosing regimen for LLP2A-Ale or PTH (1--34) in ON treatment may differ from one that shows bone efficacy. Given the finding of ON in a Control mouse, we recommend using a Control group as large as any treatment group. Unlike others who used four week old juvenile Balb/cJ mice as a model of ON, we used eight week old young adult male Balb/cJ mice as a model of adult onset ONFH, perhaps leading to lower ON prevalence in our GC-only mice than is seen when treatment is begun at age four weeks. Our results should not be generalized to younger mice or children. We performed immunohistochemistry to determine the presence of blood vessels within the DFE. However we did not evaluate mRNA from the bone samples to confirm that these proteins were being produced by either the bone or endothelial cells.

In summary, the prevalence of ON was higher in GC-treated mice than in control mice, and neither LLP2A-Ale nor hPTH (1--34) significantly affected the prevalence of GC-induced ON in this mouse model. The bone effects of LLP2A-Ale and hPTH (1--34) previously observed in Swiss Webster mice ([@bb0105]) were confirmed in Balb/cJ mice.
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[^1]: GC-glucocorticoid; LVB- lumbar vertebral body; CT- Central Tibia.

[^2]: diff from GC-only (*P* \< 0.05).
